We have demonstrated label-free optical detection of viral nucleoprotein binding to a polyvalent anti-influenza aptamer by monitoring the surface-enhanced Raman (SERS) spectra of the aptamer-nucleoprotein complex. The SERS spectra demonstrated that selective binding of the aptamer-nucleoprotein complex could be differentiated from that of the aptamer alone based solely on the direct spectral signature for the aptamernucleoprotein complex. Multivariate statistical methods, including principal components analysis, hierarchical clustering, and partial least squares, were used to confirm statistically significant differences between the spectra of the aptamer-nucleoprotein complex and the spectra of the unbound aptamer. Two separate negative controls were used to evaluate the specificity of binding of the viral nucleoproteins to this aptamer. In both cases, no spectral changes were observed that showed protein binding to the control surfaces, indicating a high degree of specificity for the binding of influenza viral nucleoproteins only to the influenza-specific aptamer. Statistical analysis of the spectra supports this interpretation. AFM images demonstrate morphological changes consistent with formation of the influenza aptamer-nucleoprotein complex. These results provide the first evidence for the use of aptamer-modified SERS substrates as diagnostic tools for influenza virus detection in a complex biological matrix.
I
nfluenza remains a major source of morbidity and mortality worldwide. Severe outbreaks, such as the 1918 and 1957 flu pandemics caused by the highly pathogenic avian influenza (HPAIV) H5N1 virus, resulted in a ∼60% mortality rate. 1 More recently, the 2009 influenza A (H1N1) outbreak reached a high pandemic alert level. As a result, surveillance methods are being implemented to track outbreaks of current and emerging strains, as well as aid in the development of vaccine and disease intervention strategies. 2 Current diagnostic tools available for routine laboratory diagnosis of influenza rely on the detection of viral particles or typing of the viral genome. 3−5 However, these assays suffer from a lack of sensitivity and reproducibility, or often require synthetic labeling or species-specific reagents. As a result, new approaches for rapid, reliable, and sensitive means of detecting influenza virus in clinical diagnostics are urgently needed.
Aptamers are single-stranded DNA or RNA oligonucleotides that are selected through an in vitro combinatorial selection process with high affinity and specificity. 6 Aptamers have been developed against a wide variety of targets ranging from proteins 7 to whole cells, 8 and have been integrated in a variety of biosensors. 9, 10 Consequently, aptamers constitute promising alternatives to antibodies in diagnostic assays due to their stability, robustness and in vitro preparation methods.
We describe here a label-free optical method, i.e., surfaceenhanced Raman spectroscopy (SERS), to detect viral nucleoprotein binding to a polyvalent influenza aptamer. SERS is a signal amplification technique based on electromagnetic enhancement where the Raman excitation wavelength is in resonance with a metallic surface plasmon. 11 The advantage of SERS-based sensing is that, unlike other labelfree methods that rely on a general signal response for the captured analyte, 12−14 Raman spectra provide a unique chemically specific molecular fingerprint. 15, 16 Raman and SERS have previously been used to directly probe sequence information in DNA/RNA complexes. 17−19 Recent reports demonstrated direct detection of DNA/RNA sequences using SERS, 20−25 including hybridization of target sequences to oligo-modified substrates, 21, 26 with detection of single nucleotide polymorphisms possible. 24, 26 SERS spectra were reported sensitive to conformational changes, molecular orientation, and packing density in ssDNA and dsDNA oligomers upon ligand binding. 21, 22 Most of the Raman aptamer studies published to date have used surface-enhanced resonance Raman (SERRS), a method that employs Raman-active synthetic labels. These studies include adenosine binding to dsDNA, 27 as well as detection of cocaine 28 and the protein thrombin. 29 Relatively few reports have appeared that focus on nonresonant SERS detection of aptamer-target binding in a direct, label-free fashion. 30−32 However, these latter studies have established the proof of principle that aptamer-target binding can be detected from the intrinsic SERS spectra of the complex.
The current work expands on these previous model studies and presents results showing that intrinsic SERS spectra can detect the binding of a real diagnostic aptamer to its influenza target in a complex biological matrix. We studied a commercial polyvalent anti-influenza aptamer that was developed against the nucleoprotein constituents of the viruses contained in a commercially available split-virion inactivated influenza vaccine. The intrinsic SERS spectra provide direct spectral signatures for the aptamer-nucleoprotein complexes. A preliminary investigation on the detection of this polyvalent influenza aptamer using SERS has been reported. 33 The present work extends on this investigation and introduces (i) two separate negative controls, (ii) detailed chemometric spectral analysis, and (iii) AFM imaging of the binding events, to demonstrate the specificity of binding for the viral nucleoproteins to the influenza aptamer. These results provide the first detailed evidence for the use of aptamer-modified SERS substrates as diagnostic tools for influenza virus detection in a real, complex biological system.
■ EXPERIMENTAL METHODS
Material and Reagents. (1-Mercaptoundec-11-y)tetra-(ethyleneglycol) (95%) and [Arg 8 ]-Vasopressin (>95%) were purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals were of analytical grade and used without any further purification.
Preparation of SERS-Active Ag Nanorod Arrays and Microwell Array Fabrication. Aligned Ag nanorods used as SERS-active substrates were prepared by an oblique-angle vapor deposition (OAD) technique using a custom-designed electron-beam/sputtering evaporation system according to previously published procedures. 34 Full details on the nanofabrication, cleaning, and patterning of the aligned Ag nanorod arrays are provided in Supporting Information.
Anti-Influenza Aptamer. The polyvalent 5′-C6-disulfide anti-influenza aptamer was provided by AptaRes AG, Mittenwalde, Germany. The AptaRes polyvalent anti-influenza aptamer used in this study was isolated against the nucleoprotein constituents of a commercially available inactivated influenza vaccine using a cell-free, MonoLex combinatorial process. 35 The single-stranded DNA aptamer consisted of 63 base pairs with a molecular weight of 25,987 Da. The as-received lyophilized aptamer was dissolved in molecular biology grade water to a final concentration of 100 μM.
Influenza and RSV Virus Samples. The AptaRes polyvalent influenza aptamer used in this study was isolated against the nucleoprotein constituents of the viruses contained in the commercially available Raman Spectroscopy. Raman measurements were performed using a confocal Raman microscope (InVia, Renishaw, Inc., Gloucestershire, United Kingdom). A 785 nm near-IR diode laser provided laser excitation. The sample was illuminated through a 20× (N.A. = 0.40) objective resulting in a spot size of approximately 4.8 × 27.8 μm. The laser power used was ∼0.36 mW, as measured at the sample. SERS spectra were collected from ten different spots within a given microwell using a 30 s acquisition time with one accumulation. Spectra were collected between 2000 and 500 cm −1 . Data Analysis. Off-line spectral manipulation and analysis were performed using GRAMS 32/AI Version 6.0 (Galactic Industries Corporation, Nashua, NH). Multivariate statistical analysis of the samples, including principal components analysis, hierarchical cluster analysis, and partial least squares discriminant analysis, was performed with PLS Toolbox version 6.2 (Eigenvector Research Inc., Wenatchee, WA), operating in a MATLAB environment (R2011a, The Mathworks Inc., Natick, MA).
AFM Measurements. Template stripped Ag nanofilms were used as AFM substrates and prepared according to previously published procedures. 36 AFM measurements were performed using an Agilent 5500 AFM system equipped with an inverted light microscope (ILM) system (Agilent, Chandler, AZ) combined with an Agilent multipurpose AFM scanner with a scanning area of 10 μm 
■ RESULTS AND DISCUSSION
Experimental Design. The disulfide-derivatized antiinfluenza ss-DNA aptamer was immobilized onto the individual Ag nanorod microwells, resulting in the formation of selfassembled monolayers of DNA oligonucleotides. 37 A second immobilization step added the spacer molecule (1-mercapt o u n d e c -1 1 -y ) t e t r a ( e t h y l e n e g l y c o l ) , H S -(CH 2 ) 11 (OCH 2 CH 2 ) 4 OH. The functionalized microwells of the Ag nanorod substrate were then incubated with each of the three influenza virus strains or controls. Complete details of these experimental procedures used for immobilization and binding are provided in Supporting Information, as well as a figure (S1) outlining the various steps in the experimental design.
SERS Spectra of the Aptamer Complex. Figure 1a (top left) shows the SERS spectrum of the anti-influenza aptamerspacer complex used in this study, while Figure 1b (middle left) is the spectrum of the blank control, i.e. the aptamer complex incubated only with the binding buffer. Figure 1b shows that no detectable spectral changes are observed when the aptamer complex is treated with a blank control. The number and position of the bands in Figure 1a and b are in agreement with those reported from SERS studies of DNA bound to Ag and Au nanoparticles. 17, 38 The dominant features present in Figure 1a and b are bands that can be primarily attributed to nucleic acid bases. 17 In addition, a band at 687 cm −1 is indicative of the C− S stretching vibration of the thiol group, and confirms cleavage of the disulfide bond after adsorption and immobilization of the aptamer to the Ag nanorod array. 39 A complete table of the observed SERS bands in the spectrum of the anti-influenza aptamer, along with their assignments based on literature precedent, is provided in Table S .1 in Supporting Information.
Surface Coverage and Reproducibility. The surface coverage of the disulfide aptamer on the Ag nanorod array was investigated by varying the concentration of the aptamer and monitoring the concentration-dependent A ring-breathing mode at 731 cm −1 . 22 Figure 2 shows the log−log plot of the absolute SERS intensity of the 731 cm −1 band as a function of the aptamer concentration. The SERS response displays a sigmoidal increase over 3 orders of magnitude (10 −1 to 10 2 mol) in the concentration range 0.1−500 nM, followed by an intensity plateau. The error bars in Figure 2 indicate a high degree of spectral reproducibility from the Ag nanorods SERS substrates used in these experiments. The plateau effect of the band intensity seen in Figure 2 has been previously observed in Ag nanorod SERS studies and is related to the saturation of the SERS signal with increasing surface coverage. 40 The surface density of the aptamer on the surface of the Ag nanorod substrate was calculated by estimating the number of DNA molecules contained in the 20 μL of a 1000 nM DNA solution deposited on the surface of a microwell; we included the estimated surface area of the nanorods in these calculations. The surface density was found to be ∼3.7 × 10 5 molecules/μm 2 . This estimate is comparable (within a factor of 10) with previous studies of the surface density of DNA adsorbed onto smooth Au films. 41 These results are also in agreement with previous surface density estimates of thiolated DNA on metal films. 42 Some variation in surface density should be expected in the present case because of the differences in substrate composition (Au vs Ag) and morphology (nanorods vs smooth); however, our results agree well with previously published reports on DNA packing density. Nucleoprotein Binding to the Polyvalent AntiInfluenza Aptamer. Aptamer-target binding leads to addition of proteins to the aptamer-modified surface, which should be reflected as changes in oligonucleotide secondary structure, both of which can be sensed via SERS. 30−32 Consistent with this hypothesis, distinct changes are seen in the spectra of the anti-influenza aptamer after incubation with the cell lysates from the three monovalent influenza virus strains. Figure 1d shows the SERS spectrum of the aptamer and spacer on the Ag nanorod array incubated for 8 h at 37°C with 1 μg/mL (HA) content of the influenza virus strain A/Uruguay. Major changes in bands attributed to the DNA aptamer are noticed upon nucleoprotein binding. The changes in the oligonucleotide bands due to nucleoprotein binding are highlighted by the dashed vertical lines in Figure 1d , e, and f.
In addition to nucleic acid spectral features, bands present in the SERS spectra of the aptamer−nucleoprotein complex can be attributed to the nucleoproteins themselves. Prominent bands indicative of protein binding seen in the spectrum in Figure 1d include bands attributed to amide vibrations and amino acid side chains. 43, 44 Characteristic protein bands present in the spectrum of the influenza nucleoprotein− aptamer complex are marked with asterisks in Figure 1d , e, and f. A complete table of the observed SERS bands in the influenza nucleoprotein−aptamer complex along with their literaturebased assignments is provided in Table S2 of Supporting Information.
To test the polyvalent nature of the aptamer, the nucleoproteins from the influenza strains A/Brisbane and B/ Brisbane that are also contained in the split-virion influenza vaccine were incubated with the aptamer-spacer complex in the same manner as the A/Uruguay strain. These spectra are shown in Figure 1e (A/Brisbane, middle right) and Figure 1f (B/ Brisbane, bottom right). The identical spectral changes that are seen in the A/Uruguay complex (Figure 1d ) also occur in the complexes for the A/Brisbane and B/Brisbane strains, indicating a high degree of reproducibility in the nucleoprotein binding of the split virion strains to the polyvalent aptamer.
Negative Control: RSV With Influenza Aptamer. We incorporated respiratory syncytial virus (RSV) as a negative control virus in these experiments to determine the specificity of binding of the influenza nucleoproteins to the anti-influenza aptamer. RSV is an important and ubiquitous respiratory virus, and as such is a good candidate to act as a control virus for influenza. 45 Incubation of the RSV control sample was accomplished by adding 20 μL of the lysed RSV virus solution to an aptamer-coated Ag nanorod microwell. The virus sample was adjusted to a concentration of ∼10 5 PFU/mL in the binding buffer, and the binding conditions were kept identical to those used for the incubation of the influenza virus samples. Figure 1c shows the spectrum of the RSV virus applied to the aptamer-modified substrate. Only minor spectral intensity changes were observed in Figure 1c after incubation of the RSV virus sample, indicating no apparent binding of the RSV lysate to the anti-influenza aptamer. This is readily seen when comparing Figure 1c to the aptamer and blank spectra in Figure  1a and b. The spectrum of RSV (Figure 1c ) also contrasts sharply with those of the nucleoprotein−aptamer complex spectra on the right panel (Figure 1d , e, and f). The SERS spectra in Figure 1 show a high degree of specificity for the binding of only influenza viral nucleoproteins to the polyvalent anti-influenza aptamer.
Chemometric Analysis of Influenza Aptamer−Nucleoprotein Spectra. Multivariate statistical analysis was used to establish statistically significant differences between the SERS spectra of the samples and controls in Figure 1 and was used to confirm the binding specificity of the aptamer to its viral nucleoprotein targets. Figure 3 illustrates the hierarchical cluster analysis (HCA) dendrogram based on the spectra of the aptamer, controls, plus influenza nucleoprotein samples, calculated using Ward's method. Two hundred forty spectra, corresponding to 40 spectra in each sample category, were used to generate this dendrogram. Figure 3 reveals two distinct clusters. The first red cluster (A) corresponds to the spectra in Figure 1a , b, and c, which include the aptamer complex (Figure 1a) , the blank control (Figure 1b) , and the negative control RSV virus ( Figure  1c) . The second green cluster (B) corresponds to the spectra in Figure 1d , e, and f, which refer to the aptamer incubated with all three influenza virus strains, A/Uruguay (Figure 1d ), A/ Brisbane (Figure 1e) , and B/Brisbane (Figure 1f ). This classification by HCA provides unambiguous separation between the SERS spectra of the unbound aptamers and its controls with the aptamer-nucleoprotein complexes.
Additional multivariate statistical tests were used to analyze the spectra of the influenza nucleoprotein complexes. These include principal components analysis (PCA) and partial least squares discriminant analysis (PLS-DA). Both methods confirmed the findings of the cluster analysis shown in Figure  3 , that is, that the SERS spectra of the influenza nucleoprotein complexes can be completely differentiated from those of the blanks and negative control with 100% accuracy. A further discussion of these results is included as Figures S2 and S3 in Supporting Information.
Specificity of Binding: Influenza Nucleoproteins With Non-Influenza Aptamer. We further investigated the binding specificity of the influenza viral nucleoproteins to the antiinfluenza aptamer using a separate DNA oligonucleotide as a negative control. We utilized a 5′-C6-thiolated anti-vasopressin aptamer for this purpose. This aptamer was developed to bind and inhibit the neuropeptide vasopressin, a peptide hormone regulating the extracellular fluid volume in the body secreted by the posterior lobe of the pituary gland, 46 and has no affinity for influenza.
The HS-C6-5′ anti-vasopressin aptamer was immobilized onto the Ag nanorod array substrate via the thiolate group, and incubated with (i) binding buffer, (ii) vasopressin, and (iii) all three influenza virus strains, using the procedures described in Supporting Information. Figure 4 shows representative SERS spectra of the resulting complexes.
The interpretation of the anti-vasopressin aptamer spectrum in Figure 4a follows directly from the discussion of the antiinfluenza aptamer in Figure 1a . The main features in the spectrum in Figure 4a are bands attributable to nucleic acid vibrations.
17,38 Figure 4b shows the SERS spectrum of the antivasopressin aptamer incubated with the binding buffer as a blank control. Figure 4b shows that no detectable changes are apparent in the spectra of the anti-vasopressin aptamer incubated with the binding buffer when compared to the aptamer alone, similar to that observed with the spectra of the buffer blank with the anti-influenza aptamer in Figures 1a and  1b .
The anti-vasopressin aptamer was treated with the three monovalent influenza virus strains. Figure 4d shows the SERS spectrum of the anti-vasopressin aptamer on the Ag nanorod array incubated with the influenza virus strain A/Uruguay. A comparison of the spectrum in Figure 4d (top right) with the spectra of the anti-vasopressin aptamer and blank (Figures 4a  and 4b) shows that no spectral differences are apparent, indicating a lack of influenza nucleoprotein binding to the antivasopressin aptamer. This effect also occurs in the spectra that result from the addition of the influenza strains A/Brisbane (Figure 4e, middle right) and B/Brisbane (Figure 4f , bottom right). Relative to the aptamer and blank spectra, no discernible spectral changes are observed when any of the three types of influenza nucleoproteins are incubated with the anti-vasopressin aptamer.
These conclusions are confirmed when the anti-vasopressin aptamer is incubated with 1 μg/mL vasopressin. The spectrum of the vasopressin−aptamer complex is shown in Figure 4c . This spectrum illustrates that the formation of a vasopressin aptamer−vasopressin complex resulted in changes of the characteristic protein and nucleic acid bands. 43, 44 The oligonucleotide bands associated with the changing spectral features due to vasopressin binding are highlighted with dashed vertical lines in Figure 4a , b, and c. The characteristic protein bands present in the vasopressin complex are marked with asterisks in Figure 4c . A list of the observed SERS bands in the vasopressin aptamer−vasopressin complex with their tentative band assignments is provided in Table S3 of the Supporting Information.
The presence of significant spectral changes upon the formation of a vasopressin aptamer−vasopressin complex, combined with the absence of any spectral changes upon incubation of the three influenza virus samples with the antivasopressin aptamer, strongly suggests that selective binding of the influenza viral nucleoproteins occurs only with the antiinfluenza aptamer.
Chemometric Analysis of Negative Control Aptamer− Nucleoprotein Spectra. Figure 5 shows the HCA dendrogram calculated from the anti-vasopressin spectra described above using Ward's algorithm. Two hundred forty spectra, corresponding to 40 spectra in each sample category, were used to generate this dendrogram. As seen in Figure 5 , the antivasopressin control spectra separated into three distinct clusters. The bottom red cluster (A) resulted from the spectra of the anti-vasopressin aptamer alone (Figure 4a ) along with the spectra of the unbound aptamer treated only with the binding buffer (Figure 4b ). The middle green cluster (B) represents the spectra of the anti-vasopressin aptamer incubated with the three influenza virus samples (Figure 4d,  4e and 4f) . Finally, the top blue cluster (C) represents the spectra of the anti-vasopressin aptamer (Figure 4c ) incubated with vasopressin. The results indicate that cluster analysis provides excellent (100%) statistical differentiation of the aptamer controls from the vasopressin target. In particular, the spectra of the influenza nucleoproteins are completely distinguished from that of the vasopressin complex and its controls, confirming the selectivity of binding of the influenza nucleoproteins only to the anti-influenza aptamer (Figure 1 and  3) .
Additional PCA and PLS-DA statistical tests confirm that the SERS spectra of the influenza nucleoproteins incubated with the anti-vasopressin aptamer show no evidence of binding, and can be completely distinguished from those of the blank spectra and the vasopressin aptamer complex. A further discussion of these results is included as Figures S4 and S5 in Supporting Information.
Characterization of the Influenza Aptamer−Nucleoprotein Complex Using AFM. Atomic force microscopy was used to follow the in situ evolution of viral nucleoprotein binding to the anti-influenza aptamer. A specially designed flow cell was used to image the immobilization steps as the aptamer, spacer, and nucleoproteins were introduced to the cell. This technique allowed imaging of the same surface area throughout the immobilization process between the aptamer probe and the binding to its nucleoprotein target. Figure 6 shows (i) two-dimensional AFM images, (ii) surface roughness line scans, and (iii) three-dimensional AFM images, of the four steps in the surface immobilization of the influenza nucleoproteins. The first column of Figure 6 (images a and e) illustrates the bare Ag substrate prepared by template stripping. The Ag substrate has a homogeneously flat surface with an average height of 1 nm and mean roughness of 0.5 nm. The second column of Figure 6 (images b and f) represents the same Ag surface after injection of the disulfide anti-influenza aptamer at a concentration of 100 pM for 3 h, followed by rinsing. The resulting images show a distribution of aggregates with an approximate average height of 6 nm, a mean roughness of 2.7 nm, and an average diameter of 50 nm, consistent with the changes expected upon formation of the self-assembly of flexible thiolated aptamers. 47 The third column in Figure 6 (images c and g) are the images obtained of the aptamer-modified surface following treatment with (1-mercaptoundec-11-y)tetra(ethyleneglycol) at a concentration of 10 pM for 3 h, followed by rinsing of the surface. The addition of the PEG-like spacer molecule induced rearrangement of the aptamers and produced a uniform distribution of the self-assembled monolayers adsorbed on the Ag surface. As a result, the average height and mean roughness of the imaged surface decreased to 0.8 and 0.3 nm, respectively.
The last column in Figure 6 (images d and h) illustrate the aptamer-functionalized surface after incubation with the influenza virus strain A/Uruguay at a concentration of 1 pg/ mL (HA) content for 3 h. Incubation of the aptamer-modified surface with the influenza virus sample resulted in surface topography changes and the appearance of bright spots on the AFM images shown in Figure 6d and h. Binding of the aptamer to the nucleoproteins is characterized by the formation of large features on the AFM images and with an average diameter of about 150 nm.
These AFM images do not depict single binding events between the aptamer and the influenza nucleoprotein targets on a molecular level; however, they do support the interpretation that the features in Figure 6d and h are due to the aptamer binding with its target. The variations in average height (increase to 2.6 nm) and mean roughness (increase to 1.3 nm) are consistent with the formation of an aptamer-nucleoprotein complex upon incubation with influenza virus lysate. The dimensions of these features are smaller than expected for an intact influenza nucleoprotein complex, 48 which exists in a polymerase complex (ribonucleoprotein) composed of multiple (usually 10 or 12) monomeric nucleoproteins. 49, 50 However, it is likely that the experimental conditions used here resulted in the dissociation of the polymerase nucleoprotein complex, resulting in the attachment of monomeric nucleoproteins to the surface. This hypothesis is supported by the fact that each individual aggregate shown in Figure 6d and h has similar dimensions, consistent with monomeric nucleoprotein binding to the aptamer.
As a control experiment, we repeated the binding experiment by incubating the aptamer-spacer complex with the binding buffer solution (data not shown). After extensive washing, no change in the images of the aptamer-modified surface ( Figure  6c and g) could be seen. This negative blank experiment further supports the interpretation that the images seen in Figure 6d and h result from the binding of the influenza viral nucleoprotein to the aptamer-covered surface.
The use of a flat Ag surface to mimic the binding of the nucleoproteins to the aptamer-covered Ag nanorods is imperfect. Nevertheless, the images in Figure 6 show that aptamer binding to nucleoprotein targets can be characterized using AFM, and that these AFM images support the conclusions obtained from the SERS spectra that influenza nucleoprotein binding occurs on substrates derivatized with the anti-influenza aptamer.
■ CONCLUSIONS
We report here the first evidence for the use of aptamermodified SERS substrates as diagnostic tools for influenza virus detection in a complex biological matrix. In these studies we used a commercially prepared aptamer isolated against a commercial influenza vaccine. We showed that SERS provides a label-free optical method to detect the specific binding of the nucleoprotein target to the anti-influenza aptamer. This was demonstrated by the distinct spectral differences seen upon aptamer-target binding, while the negative control (RSV) showed a lack of any spectral changes associated with binding ( Figure 1 ). Statistical analysis of the data confirmed that the intrinsic SERS spectra were able to differentiate binding to the aptamer (Figure 3 ). An additional negative control confirmed the lack of binding of the influenza nucleoproteins to a noninfluenza aptamer (Figures 4 and 5) . AFM images showed changes consistent with the interpretation that the influenza nucleoproteins bind to the anti-influenza aptamer ( Figure 6 ).
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